ABSTRACT: Orthopedic trauma surgeons often encounter Smith's fracture in patients who report that they have fallen on the palms of their hands. The aim of this study was to clarify the pathogenesis of Smith's fracture in basic clinical aspects. First, a survey was conducted for investigating the mechanism of injury and arm position at the time of injury among patients with Smith's fractures who consulted at our outpatient clinic. Second, we created three-dimensional finite element models (FEMs) to predict the influence of arm position on the type of injury resulting from a fall. These predictions were then used in ten freshly frozen cadavers to provide experimental proof of Smith's fractures resulting from the impact on the palmar side. Twenty-six patients (5 males and 21 females) with Smith's fractures were enrolled in this study. Injury resulting from a fall on the palm of the hand, the dorsum, or ulno-dorsum of the hand, and fisting handle was observed in 16 cases (61%), 3 cases (12%), and 1 case (4%), respectively. Six patients were uncertain of their arm position at the time of injury. FEM analysis showed that Smith's fractures occurred when the angle between the long axis of the forearm and the ground was 30˚-45˚in the sagittal plane and 75˚-90˚in the coronal plane. Smith's fractures occurred in 7 of 10 wrists in the experimental study, whereas no Colles' fractures were observed. This study demonstrated that Smith's fracture results from falling on the palm of the hand. ß
Distal radius fractures are the most common type of fractures, with 607,000 cases annually occurring in the United States. 1 They account for 17.5% of all adult fractures.
2 Low-energy injury is the main cause of distal radius fractures, with 66-77% of fractures occurring after a fall from standing height. 3 ,4 "Colles' fracture," which is a distal radius fracture with dorsal displacement of the lower fragment was first described in 1814 by Abraham Colles in his publication on "fractures of the carpal extremity of the radius." 5 In 1847, Robert William Smith first reported a "Smith's fracture," which is a volar displacement of the distal radius fracture fragment, and stated that it generally resulted from a fall on the back of the hand. 6 Several cadaver studies have demonstrated that distal radius fractures with dorsal displacement occur when the hand is loaded in dorsiflexion, whereas fractures with volar displacement occur when the hand is loaded in volar flexion. 7, 8 Standard orthopedic textbooks also support these claims and studies. 9 Therefore, most orthopedic trauma surgeons have continued to believe this for almost 200 years.
Meanwhile, orthopedic trauma surgeons often encounter the volar displacement of intraarticular and extraarticular distal radius fracture fragments (Smith's type fracture) in patients who report that they have fallen on the palms of their hands and who occasionally also exhibit palmar abrasions and/or a bruised forehead. We hypothesized that Smith's fractures generally occurred as a result of falling upon the palm of the hand, and the aim of this study was to clarify the pathogenesis of these fractures and describe their basic clinical aspects.
MATERIALS AND METHODS
We investigated the pathogenesis of Smith's fractures using a step-by-step approach. First, we conducted a survey investigating the mechanism of injury and arm position at the time of injury among patients with Smith's type fractures who consulted at our outpatient clinic. However, we thought that the hearing investigation was not an objective report. Therefore, we performed an additional basic study to support the clinical result. We created a three-dimensional finite element model (FEM) to predict the arm position at the time of injury in patients with Smith's type fractures in order to decide the arm position for next cadaver study. Finally, we used these arm position predictions in ten freshly frozen cadavers to provide experimental proof that these fractures resulted from the impact delivered to the palmar side. This study was approved by the Institutional Review Board (IRB).
Study 1: Investigating the Mechanism of Injury Leading to Smith's Fracture
The subjects for this study were patients with distal radius fractures who received treatment between December 2014 and May 2016 at our outpatient clinic and consented to this study. Diagnoses were made based on X-rays and computed tomography (CT) images by two hand surgeons. The "Smith type fracture" patients were included in this study. The "Smith type fracture" was defined a distal radius fracture with volar displacement of the lower fragment regardless of orsiflexed position, in accordance with a previously reported protocol. 10 The wrists were imaged using CT (Aquilion ONE; Toshiba Medical Systems, Tokyo, Japan, 320-row detector 120 kV, 200 mA, 0.5 mm slice thickness, 0.3 mm pixel width) with wrist in the extended position and forearm in a neutral position. These models were created and analyzed using Mechanical Finder software (Research Center for Computational Mechanics, Tokyo, Japan). Radii and carpal bones were segmented by defining a region of interest (ROI) that included pixels with an intensity greater than 600 Hounsfield units (HU). These three-dimensional models were created using tetrahedral elements with 1.2-mm global edge length, and the outer surface of the cortical bone was modeled using 1.2 mm triangular shell elements from the digital imaging and communications in medicine (DICOM) format files of CT scans. Joint space was modeled by tetrahedral element with 1.2-mm global edge length as cartilage. On average, there were 118139 nodes, 637833 tetrahedral elements, and 118139 triangular-plates.
The boundary condition between bone and cartilage was rigidly fixed. To allow for bone heterogeneity, the material properties of each element were calculated using the equations proposed by Keyak et al. 11 Poisson's ratio was set at 0.3 for each bone element, similar to previous reports, 12 whereas the Young's modulus was set at 10 MPa and Poisson's ratio at 0.49 for each cartilage element, also similar to previous reports. The elements in red at the surface of the carpals represent complete fixation to imitate the palm contacting the ground, and the angle between the two was made to vary (Fig. 1) . The angle formed by the long axis of the forearm and the ground ranged from 30˚to 105˚in increments of 15å long the sagittal plane and from 75˚to 120˚in increments of 15˚along the coronal plane, with the forearm in a neutral position. A uniform displacement was gradually applied to the proximal end of the radius and ulnar shaft at ramped displacement increments of 0.01 mm up to the displacement until the failure criteria was reached. Each element was defined to yield when its Drucker-Prager stress was equal to the element yield stress, in accordance with the equations proposed by Keyak et al. 11 The fracture type was defined by the pattern of the yield element distribution (Fig. 2) .
Study 3: Experimental Proof of Smith's Fracture Occurring upon the Application of an Impact on the Palmar Side Specimens Ten normal wrists were obtained from six female and four male (mean age, 87.7 years; range, 74-98 years) freshly frozen cadavers stored at À20˚C. The specimens were thawed to room temperature prior to examination, and were not refrozen at any point.
All soft tissues, excluding the joint capsule and ligaments, were removed after performing a radial/ulnar osteotomy at the midpoint of the forearm and a disarticulation of the metacarpophalangeal joints. A saline solution spray was periodically used to keep the specimens moist.
The proximal end of the forearm and the palmar aspect of the carpals were fixed using resin cement, with the wrist extended at a 30˚angle and forearm in a neutral position (Fig. 3) . A wrist fracture was created by dropping a weight of 10 kg onto the proximal forearm from a height of 150 cm for females and 200 cm for males to account for variations in collisional energy resulting from constitutional differences. Thereafter, the AO classification, type of distal radius fracture (Smith's or Colles'), and other lesions such as carpal bone fracture, intracarpal ligament injury, and triangular fibrocartilage complex (TFCC) injury were recorded on the basis of CT and dissection findings.
Clinical Relevant
Basic study:The pathogenesis of Smith's fracture was clarified.
RESULTS

Study 1: Investigation of the Mechanism of Injury Leading to Smith's Fracture
The 249 distal radius fracture patients were involved in this series and 26 patients were diagnosed with Smith type fracture, of which five were males and twenty-one were females (mean age, 65 years; range, 40-85 years). The types of fracture, according to the AO classification, included 23-A2 in one wrist, A3 in one wrist, 23-C2 in one wrist, and 23-C3 in twenty-one wrists. The mechanism of injury included tripping forward while walking in 14 cases (53.8%), falling while cycling in four cases (15.4%), slipping backwards in three cases (11.5%), falling while riding motor cycle in two cases (7.7%), and falling laterally in one case (3.8%). One patient (3.8%) with dementia was unable to recall the relevant information. Injury resulting from a fall on the palm of the hand, the dorsum or ulno-dorsum of the hand, and fisted hand were observed in 16 cases (61.5%), 3 cases (11.5%), and 1 case (3.8%), respectively. Six patients (23.1%) were uncertain of their arm position at the time of injury. Four patients exhibited forehead or face bruises, two patients exhibited the ulno-dorsal of the hand bruise, three had other upper extremity fractures, and three had lower extremity injuries (Table 1) . (Fig. 4) .
Smith's fracture occurred when the angle between the long axis of the forearm and the ground was 30˚-90˚in the sagittal plane and 105˚in the coronal plane or 30˚-60˚in the sagittal plane and 90˚in the coronal plane.
Wrist Model 2: 60-Year-Old Male (Fig. 5 ). Smith's fracture occurred when this angle was 30˚-75˚in the sagittal plane and 105˚in the coronal plane, 30˚-60˚in the sagittal plane and 75˚-90˚in the coronal plane, or 30˚in the sagittal plane and 60˚in the coronal plane.
Wrist Model 3: 89-Year-Old Female (Fig. 6 ). Smith's fracture occurred when this angle was 30˚-45˚in the sagittal plane and 60˚-105˚in the coronal plane.
Summary of study 2 Smith's fracture occurred when the angle between the long axis of the forearm and the ground was 30˚-45˚in the sagittal plane and 90˚-105˚in the coronal plane.
Study 3: Experimental Proof of Smith's Fracture Upon Application of Impact on the Palmar Surface
The experimental study was performed with the wrist extended at 30˚and the forearm in a neutral position where the angle between the long axis of the forearm and the ground was 30˚in the sagittal plane and 90i n the coronal plane.
Distal radius fractures occurred in 7 of 10 wrists, and all of them were Smith's type fracture. (Fig. 7 , Table 2 ). All cases of the Smith's fracture also exhibited ulnar neck or ulnar styloid fractures.
DISCUSSION
In this clinical study, the proportion of Smith's fractures was 10.4% of distal radius fractures (26/249). A previous study had reported that 77% of the fractures were Colles' fractures, 6% were Chauffeur's fractures, 1.5% were dorsal Barton's fractures, 1.5% were diepunch fractures, and 1% were Smith's fractures. 
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Although the reasons why the distribution of Smith fracture was different are not clear, Smith' fracture may occur more frequently than expected.
In this study, we demonstrated that a majority of Smith's fractures resulted from falling on the palm of the hand and also proved the mechanism using FEM and freshly frozen cadaver analyses.
It has been previously reported that Colles' fractures occur when the hand is loaded in dorsiflexion, whereas Smith's fractures occur when the hand is loaded in volar flexion. 9 However, in his clinical series, Thomas Brown reported that several Smith's fracture patients described a backward fall on to the palm of the outstretched hand. 15 Moreover, in our series, no fewer than 60% of the Smith's fractures resulted from falling on the palm, suggesting that this is a rather common phenomenon.
Fernandez and Jupiter reported that Smith's fractures most commonly occurred as a result of falling on the outstretched hand with the forearm in a supine position and the elbow extended, leading to the transmission of tension forces to the dorsal aspect of the metaphysis and the compression forces to the volar or anterior surfaces. 16 Thomas also reported that in such a fall, the forearm was locked in full supination and the weight of the falling body caused the upper limb to pronate with the hand relatively fixed to the ground. This twisting in combination with a heavy compressive force, in conformity with Evans' theory, resulted in the fracturing of the forearm shaft. 15, 17 However, in our cadaveric study, Smith's fractures occurred even when the forearm position was neutral, suggesting that the mechanism included shear forces or local bending forces acting on the distal radius metaphysis instead of traction forces acting on the supine forearm.
Frykman et al. in their detailed cadaver study examined distal radius fractures at various wrist angles, including dorsi-and volar flexion, by static and dynamic experiments. 7 They reported that Colles' fracture only occurred with wrist dorsiflexion ranging between 40˚and 100˚, whereas Smith's fracture only occurred with wrist volar flexion ranging between 75å nd 85˚. Other cadaver studies only used specimens with the wrist dorsiflexed at 90˚, and all distal radius fractures were the Colles' type. In the present study, the wrist angle was fixed at 30˚, and all of the distal radius fractures were the Smith's type. The findings suggested that this type of fracture resulted from falling on the dorsum as well as the palm of the hand.
This study had several limitations. First, the number of patients surveyed was small for statistical justifiability. This resulted in small cell counts in some categories (fall on dorsum or ulno-dorsum, three cases or 11.5%; fall on fisted hand, one case or 3.8%). Therefore, the inferred proportional frequency of injury mechanisms is less powerful. However, the data may support the more general claim that Smith's fracture can arise as a result of falling on the palm. Second, FEM analysis, though previously validated, 10 is just a simulation. Therefore, we used FEM analysis as pilot study and went on to perform the cadaver study. Third, only three models were considered in this study. Factors such as osteoporosis and morphological characteristics of the distal radius must be taken into consideration in future studies. Fourth, the soft tissues, excluding the joint component, were removed to allow the rigid fixation of specimens, and clinical conditions may differ from this. Finally, the cadaver specimens were only aged, osteoporotic bones, and these results may not be applicable to younger patients.
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